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Abstract: Exercise creates a physiologic burden with recovery from such 
effort crucial to adaptation. Excess postexercise oxygen consumption (EPOC) 
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refers to the body’s increased metabolic need after work. This investigation 
was designed to determine the role of near infrared spectroscopy (NIRS) in 
the description of exercise recovery in healthy controls (NL) and children with 
congenital heart disease (CHD). Subjects were recruited with exercise testing 
performed to exhaustion. Exercise time (EXT), heart rate (HR), and oxygen 
consumption (VO2) were measured. Four-site NIRS (brain, kidney, deltoid, 
and vastus lateralis) were measured during exercise and into recovery to 
establish trends. Fifty individuals were recruited for each group (NL = 26 boys 
and 24 girls; CHD = 33 boys and 17 girls). Significant differences existed 
between EXT, VO2, and peak HR (P < 0.01). NIRS values were examined at 
four distinct intervals: rest, peak work, and 2 and 5 min after exercise. 
Significant cerebral hyperemia was seen in children with CHD post exercise 
when compared to normal individuals in whom redistribution patterns were 
directed to somatic muscles. These identified trends support an immediate 
compensation of organ systems to re-establish homeostasis in peripheral 
beds through enhanced perfusion. Noninvasive NIRS monitoring helps 
delineate patterns of redistribution associated with EPOC in healthy 
adolescents and children with CHD. 
Keywords: Exercise recovery Single ventricle NIRS  
Introduction 
Exercise induces a physiologic burden resulting in the individual 
initially meeting demands followed by exhaustion leading to 
termination. Cardiopulmonary exercise testing (CPET) provides 
assessment of the integrative responses during this progression that 
are not adequately evaluated through the measurement of global or 
individual organ system function during resting conditions. This 
evaluation of a response to physiologic stress is clinically important 
because if failure of the system is to occur, it typically occurs while the 
system is under stress.27,35 
The stress of exercise is not limited to just the duration of 
activity. Recovery from exercise-induced burden is equally important 
to the overall performance of the system. Excess postexercise oxygen 
consumption (EPOC) is the body’s increased metabolic need after 
exercise and refers to a physiologic payback of an oxygen debt at the 
tissue level. This debt reflects both the anaerobic metabolism of 
exercise and the respiratory, circulatory, hormonal, ionic, and thermal 
adjustments that occur in recovery.19 There is an absence of a 
noninvasive real-time method of measuring regional tissue 
oxygenation to study this phenomenon in health and disease states. 
NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 
Pediatric Cardiology, Vol 33, No. 1 (January 2012): pg. 95-102. DOI. This article is © Springer International Publishing AG 
and permission has been granted for this version to appear in e-Publications@Marquette. Springer International 
Publishing AG does not grant permission for this article to be further copied/distributed or hosted elsewhere without the 
express permission from Springer International Publishing AG. 
3 
 
Near-infrared spectroscopy (NIRS) techniques rely on 
application of the Beer–Lambert law for measurement of the 
concentration of a substance according to its absorption of light.25 
NIRS provides a noninvasive, continuous method to monitor regional 
tissue oxygenation (rSO2). NIRS is a venous-weighted oxyhemoglobin 
saturation that provides a window into regional oxygen supply–
demand relations. We hypothesized that NIRS monitoring during 
ramping exercise will track the oxygen dynamics of exercise recovery 
in real time in both healthy children (NL) and children with congenital 
heart disease who had previously undergone palliation of single-
ventricle anatomy (CHD). 
Materials and Methods 
This study was initiated with funding assistance from the 
Children’s Research Institute, a division of Children’s Hospital and 
Health System, and the Medical College of Wisconsin, Milwaukee, WI, 
in addition to a Mend-a-Heart Foundation Grant and was approved by 
the Institutional Review Board of Children’s Hospital of Wisconsin. 
Patients were consented (IRB 07198 GC 708) for their participation. 
Fifty healthy subjects were recruited from individuals referred to the 
Exercise Physiology Laboratory at Children’s Hospital of Wisconsin for 
complaints of chest pain, palpitations, or shortness of breath. Resting 
echocardiogram (Siemens, Acuson, Mountain View, CA) and 
electrocardiogram (EKG) (GE Medical Systems, Milwaukee, WI) were 
performed before CPET to ensure there were no cardiac abnormalities, 
prolongation of the QT interval, pre-excitation, or frequent premature 
ectopic complexes. Fifty children with cyanotic congenital heart disease 
who had previously undergone palliation of single-ventricle anatomy 
were also recruited. Single-ventricle palliation included a three-stage 
approach consistent with our center’s protocol progressing from a 
Norwood procedure with creation of a neoaorta, Glenn anastomosis, 
and completion Fontan to establish cavopulmonary flow. In total, 23 
single left ventricle and 27 single right ventricles were included for 
analysis. Diagnoses of the single-ventricle group are listed in Table 1. 
All patients were tested during an outpatient visit. No activity 
restrictions were given before testing, and standard pretest 
instructions were given. 
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Table 1. Population description: congenital heart disease 
All n = 50 Original diagnosis (n) 
Single left 
ventricle 
n = 23 Double-inlet left ventricle 10 
D-transposition of the great arteries 2 
Pulmonary atresia/intact vent septum 5 
Tricuspid atresia 4 
Pulmonary atresia/intact vent septum/D-
transposition of the great arteries 1 
Ebstein’s anomaly of tricuspid valve 1 
Single right 
ventricle 
n = 27 Hypoplastic left heart syndrome 17 
Double-outlet right ventricle 6 
Unbalanced atrioventricular canal 4 
Pulmonary Function Testing 
Spirometry (Care Fusion, Yorba Linda, CA) was performed 
according to American Thoracic Society standards. Forced vital 
capacity (FVC), forced expiratory volume in 1 s (FEV1), peak expiratory 
flow rate, and maximal mid-expiratory flow (FEF25–75) were obtained. 
Values were expressed as a percent predicted for stature, body mass, 
and age.30 
NIRS 
NIRS probes (Somanetics Invos Oximeter, Troy, MI) were 
placed on the forehead, para vertebral space, vastus lateralis, and 
deltoid muscle (rSO2C [brain], rSO2R [kidney], rSO2L [leg], and rSO2A 
[arm]), and rSO2 was recorded at 6-s intervals at rest, exercise, and 
throughout a 5-min recovery period to establish subacute trends 
associated with EPOC. 
Exercise Testing 
Exercise studies were performed using a standard Bruce 
protocol on a treadmill ergometer (GE Medical Systems, Milwaukee, 
WI) with incremental increases in speed and grade to voluntary 
exhaustion.6 Heart rates (HRs) were obtained every minute with a 12-
lead EKG, and blood pressure (BP) was obtained every 3 min or at 
times of arrhythmia or symptoms. Oxygen consumption (VO2) was 
determined (Care Fusion, Yorba Linda, CA) and computer recorded on 
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a breath-by-breath basis. Maximal VO2 was recorded. A test was 
considered maximal if the peak HR exceeded 90% of predicted 
maximum, a plateau occurred in oxygen consumption that did not 
increase with increasing work, or the respiratory quotient (RQ) 
exceeded 1.10. 
Postexercise Monitoring 
Twelve-lead EKG and BP was recorded throughout 5 min of 
recovery or longer if an exaggeration in HR was observed or if patient 
symptoms required further evaluation. Spirometry was performed at 
5 min after exercise and compared with baseline values. Postexercise 
decrease >15% in FEV1 or >20% in lower airway function was 
considered significant. Bronchodilator therapy (albuterol, 2 puffs 
metered dose inhaler by way of AeroChamber) was administered in 
those considered to have a significant postexercise decrease, and 
these patients were eliminated from further analysis. 
Data Management 
Descriptive statistics (mean, SD) were calculated for all 
physiologic parameters. Trends were plotted for regional oxygenation 
data, and polynomial smoothing of regional data was created for 
graphical representation. The mean percent change in rSO2 from 
baseline to time points peak, 2 min after exercise, and 5 min after 
exercise were computed for each individual. The mean change in rSO2 
at these three time points for the NL and CHD groups were then 
compared using Student t test. Statistical analysis was performed 
using SPSS 11.5 statistical program (SPSS, Chicago, IL). All significant 
changes were reported at P < 0.05. 
Results 
Fifty NL (N = 26 boys and 24 girls age 7–21 years [average 
15.4]) and 50 CHD (N = 33 boys and 17 girls age 7–23 years [average 
11.5]) subjects were recruited. Resting pulmonary function studies 
were defined as normal in all healthy subjects with values >80% 
predicted in FVC, FEV1, and mid-expiratory flow (MEF25–75). The CHD 
group showed significant decreases in all indices of airway function 
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when compared to the NL group. Most noticeable was the difference in 
FVC represented as a percent predicted (100.9 ± 18.4% vs. 
69.7 ± 14.2%). Significant decreases in exercise (13.2 ± 2.5 vs. 
9.3 ± 1.8 min; 120.2 ± 24.1% vs. 86.7 ± 18.3%), peak oxygen 
consumption (42.8 ± 9.7 vs. 34.3 ± 7.8 ml/kg/min), as well HR 
response (193.9 ± 9.8 vs. 163.7 ± 24.1 beats/min) were seen with 
the CHD compared with the NL group. Because a significant difference 
was noted in age between the CHD and NL groups (P < 0.01), 
reporting of data to age-related normative values maintained 
significance in the physiologic parameters as noted previously. 
Comparative data for all physiologic parameters are listed in Table 2. 
 
Table 2. Subject data 
Variable NL group CHD group Difference, P 
N (M/F) 50 (26/24) 50 (33/17)   
Age (years) 15.4 (7–21) 11.25 (7–23) <0.01 
Rest HR (bpm) 74.8 ± 12.5 83.2 ± 17 <0.01 
Rest Sao2 (%) 99.3 ± 0.7 93.1 ± 4.1 <0.01 
Peak HR (bpm) 193.9 ± 9.8 163.7 ± 24.1 <0.01 
Peak HR (% pred) 96.5 ± 12.6 78.1 ± 11.5 <0.01 
Rec 2 HR (bpm) 147.3 ± 16.2 123.1 ± 17.9 <0.01 
Rec 5 HR (bpm) 104.3 ± 14.5 103.5 ± 12.3   
Pulmonary 
 FVC 100.9 ± 18.4 69.7 ± 14.2 <0.01 
 FEV1 96.1 ± 16.6 68.4 ± 13.9 <0.01 
 FEF25–75 99.2 ± 25.9 74.1 ± 16.0 <0.01 
Exercise 
 Ex. time (min) 13.2 ± 2.5 9.3 ± 1.8 <0.01 
 Ex. time (% pred) 120.2 ± 24.1 86.7 ± 18.3 <0.01 
 VO2 (ml/kg) 42.8 ± 9.7 34.3 ± 7.8 <0.01 
 VO2 (% pred) 106.7 ± 12.6 72.5 ± 12.2 <0.01 
 RQ 1.12 ± 0.08 1.00 ± 0.08 <0.01 
bpm beats/min, % pred percent predicted, Ex exercise, Rest. resting, Rec. 
recovery at 2 or 5 min post exercise 
Regional saturations at each site during exercise were plotted 
over time. In the NL group, trends in all somatic sites, as expected, 
showed progressive desaturation with an accelerated slope beginning 
after anaerobic threshold and continuing until exhaustion.31 During 
recovery, patterns of regional saturations varied for exercising versus 
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nonexercising muscle. Oxygenation in exercising muscle was 
associated with marked hyperemia during recovery to values well 
above baseline. The regional oxygenation trends in nonexercising 
somatic sites showed progressive desaturation, with an accelerated 
slope during the anaerobic phase, followed by rapid recovery with 
minimal or no postexercise hyperemia. In contrast, the CHD group had 
lower regional saturations in all somatic sites at rest with early and 
more progressive desaturation noted in response to maximal exercise 
(Figs. 1, 2, 3, 4). During recovery, patterns of regional saturations 
varied for exercising versus nonexercising muscles. In the CHD group, 
the significantly lower cerebral saturation at rest became exacerbated 
with exercise followed by a period of postexercise hyperemia directed 
toward re-establishment of cerebral saturations (Fig. 2). Despite 
significant desaturation in the exercise leg, there was sluggish 
recovery without marked hyperemia as noted in the NL group (Fig. 3). 
 
 
Fig. 1. Renal rSO2 patterns: CHD versus NL group. rSO2 percent regional 
saturation at any given site, Time elapsed time from initiation of exercise 
through completion of recovery (min) 
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Fig. 2. Cerebral rSO2 patterns: CHD versus NL group. rSO2 percent regional 
saturation at any given site, Time elapsed time from initiation of exercise 
through completion of recovery (min) 
 
 
Fig. 3. Vastus lateralis rSO2 patterns: CHD versus NL group. rSO2 percent 
regional saturation at any given site, Time elapsed time from initiation of 
exercise through completion of recovery (min) 
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Fig. 4. Deltoid rSO2 patterns: CHD versus NL group. rSO2 percent regional 
saturation at any given site, Time elapsed time from initiation of exercise 
through completion of recovery (min) 
 
Values were delineated for each somatic site at rest, peak 
exercise (ΔP), 2 min after exercise (Δ2), and 5 min after exercise (Δ5) 
for each group. Significant desaturation was noted at each somatic site 
at peak work compared with resting values with the greatest deviation 
from baseline being appreciated in the deltoid (−29%, −31%) and 
kidney (−31%, −35%) for both groups, respectively, suggesting global 
redistribution of flow away from these sites at peak work. Variations in 
saturation patterns were seen between the CHD and NL groups with 
regard to the vastus lateralis (exercising leg) and the cerebral bed 
(P < 0.01). These trends are listed in Table 3. 
 
Table 3. Regional saturation trends 
Site Rest Peak ΔPa Rec 2 Δ2 Rec 5 Δ5 
Kidney-NL (%) 75.4 51.5 −31 75.5 0 77.6 −3 
 Range 54–92 28–77   55–89   60–89   
Kidney-CHD (%) 65.7 42.4 −35 61.3 −7 64.9 −1 
 Range 43–87 15–64   42–80   40–83   
Brain-NL (%) 70.4 60.8 −13 68.5 −2b 74.9 6b 
 Range 50–86 44–84   51–91   52–89   
Brain-CHD (%) 60.0 50.4 −16 61.6 3 66.9 13 
 Range 39–85 28–70   47–84   55–85   
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Site Rest Peak ΔPa Rec 2 Δ2 Rec 5 Δ5 
Deltoid-NL (%) 78.1 53.5 −31 74.3 −5 77.7 −1 
 Range 56–93 20–79   51–89   51–92   
Deltoid-CHD (%) 70.9 49.8 −29 64.2 −9 69.3 −2 
 Range 58–84 24–64   41–78   48–82   
Leg-NL (%) 63.9 51.5 −19 78.5 23b 80.7 26b 
 Range 43–90 23–79   55–94   66–94   
Leg-CHD (%) 56.6 46.7 −17 62.9 11 63.7 12 
 Range 46–73 34–70   51–77   48–82   
ΔP change in regional saturation from rest to peak work, Δ2 change in 
regional saturation from rest to 2 min after exercise, Δ5 change in 
regional saturation from rest to 5 min after exercise, Rec. recovery at 
2 or 5 min post exercise 
aSignificant difference in rSO2 at rest versus ΔP (P < 0.05) 
bSignificant difference in rSO2 between the NL and CHD groups at any given 
time interval (ΔP, Δ2, or Δ5) (P < 0.05) 
Discussion 
The literature demonstrating the importance of this relatively 
new clinical tool, NIRS monitoring, continues to grow. The concept of 
multisite NIRS monitoring to characterize changes in integrative 
circulatory physiology has been previously described and has been 
extensively evaluated in the cerebral,13,14,22,37,39,40 splanchnic,11,29 and 
quasi-global circulations.20,31,34,38 NIRS can also be used to monitor 
cerebral and somatic oxygenation in various clinical situations and has 
been helpful in the detection of cerebrovascular dysfunction.21,36 This 
use of NIRS monitoring has also been employed in cardiac patients, 
demonstrating altered cardiovascular function in correlation with 
decreased cerebral saturation,16,17,26 as well as in both cerebral and 
somatic beds in patients with univentricle anatomy,33 
cardiomyopathym8 and neurocardiogenic instability.32 
CPET is used increasingly in children and adolescents in a wide 
spectrum of clinical applications for evaluation of undiagnosed exercise 
intolerance and for objective determination of functional capacity and 
impairment.1 EPOC is the body’s increased metabolic need after 
physical work and refers to the physiologic payback of an oxygen debt. 
The use of NIRS during exercise to evaluate tissue oxygen economy 
has been validated. To date, the majority of these studies have 
measured regional oximetry in muscles, particularly in the vastus 
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lateralis7,9 Progressive desaturation in somatic beds has also been 
described during incremental exercise on a bicycle ergometer.3 Finally, 
anaerobic threshold has been shown to be accurately predicted 
through NIRS monitoring both at muscular and cerebral tissue beds.4,31 
Despite considerable growth in NIRS-related exercise data, its utility 
as a descriptor of EPOC has not been previously explored, especially in 
patients with impaired cardiac status. 
Performance of moderate to intense exertion results in stored 
carbohydrate depletion. Because oxygen demands exceed supply, the 
resultant acidosis results in marked physiologic changes. Recovery 
from such stress is measured by a return to homeostasis by the 
affected organs. This data highlights the distinct advantage of multisite 
NIRS monitoring in CPET because it provides real-time data of flow-to-
demand coupling dynamics in different vascular beds with differing 
physiological control mechanisms. Although many measures have been 
used to describe single contributors to these exercise dynamics, such 
as endothelial function, cardiac output, etc., this single noninvasive 
tool now allows quantification of the complex interplay of these many 
factors. Multisite NIRS monitoring appears to enhance our 
understanding of EPOC through exaggeration of flow dynamics after 
exercise in specific somatic beds versus immediate return of 
homeostasis in others. The identified trends support an immediate 
compensation of organ systems to re-establish homeostasis through 
enhanced perfusion. Moreover, noninvasive NIRS monitoring helps 
delineate patterns of redistribution associated with EPOC, most notably 
in the super-compensation recognized in the muscle beds specifically 
involved in exercise. Specific representative variations in regional 
patterns of blood flow during incremental exercise are likely to emerge 
under different pathophysiologic conditions. The collection of data after 
exercise for this investigation was originally designed to allow for a 
return to baseline without expectation of significant hyperemia in the 
vastus lateralis. This overcompensation significantly correlated with 
the dramatic decrease in oxygen consumption measured using 
accepted gas analyzing techniques and supports the concept of a rapid 
lactacid payback as described in 1933 by Margaria–Hill.18 Continuation 
of measurements to true baseline beyond our traditional 5-min 
recovery period would have allowed for assessment of the lactacid 
period of recovery and may have represented full recovery from 
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exhaustive exertion with assumption of liver resynthesis of glycogen 
stores. 
Multiple studies have identified exercise limitations in patients 
with single-ventricle anatomy, citing decreased exercise tolerance, 
including decreases in HR response, oxygen consumption, and exercise 
time.2,5,10,12,15,23,24,28 Moreover, age and pubertal status have been 
shown to magnify exercise abnormalities, especially in male patients in 
whom increased muscle associated with this period of growth results in 
even greater impairment with regard to oxygen delivery and use.28 
Fewer studies have examined the recovery of these patients 
from maximal exhaustive work. Ohuchi et al. in 200523 noticed that 
there was delayed regression in HR, oxygen consumption, and systolic 
BP after exercise compared with individuals with normal cardiac 
anatomy. Lack of a pulmonary pump in patient with Fontan repair may 
limit venous return and result in alteration in venous compliance and 
tissue perfusion characteristics after exhaustive work. The use of 
cerebral saturation in patients with cardiac disease has been explored. 
There was a high correlation between left-ventricular systolic/diastolic 
function and baseline cerebral saturations with a magnified response in 
patients with exercise.26 These findings correspond nicely with recent 
findings demonstrating a disproportionate decrease in cerebral 
saturations in response to exercise in single-ventricle patients 
compared with healthy controls.33 However, this abnormal response to 
exercise was not translated into potential abnormalities in recovery. 
The postexercise cerebral hyperemia noted in our single-ventricle 
patients may further delineate these recovery abnormalities. Unlike 
normal subjects, in whom postexercise flow distribution is directed in a 
disproportionate way to the recovery muscles, single-ventricle patients 
showed redirection of postexercise blood flow to cerebral beds, 
resulting in comparatively decreased flow to the somatic regions of 
greatest need. This flow distribution pattern may delay overall 
recovery and prolong the regression of physiologic variables discussed 
previously. 
Limitations of this investigation include a population that 
comprised of pediatric and adolescent patients. This may eliminate 
broader generalization to older populations in whom decreased muscle 
mass, altered metabolic process, and decreasing cardiopulmonary 
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factors have been recognized as potentially affecting recovery from 
high-intensity endurance. Furthermore, in hindsight, continuation of 
measurements to true baseline beyond our traditional 5-min recovery 
period would have allowed for assessment of the lactacid period of 
recovery and may have represented full recovery from exhaustive 
exertion with assumption of liver resynthesis of glycogen stores. 
Finally, despite the variations in trends that were established, it is 
difficult to know the true clinical significance of these trends as they 
relates to the long-term prognosis of CHD patients. The absolute 
values presented for regional saturations, at any specific time point, 
have decreased value compared with the magnitude of change any 
value has in relation to a given stressor. In this investigation, we 
observed unique saturation trends that were represented as changes 
from baseline. These changes were distinctly different between the NL 
and CHD groups and provide valuable insight into the mechanism of 
recovery in individuals with single-ventricle physiology. 
Conclusion 
The use of multisite NIRS monitoring in assessing regional 
saturation patterns in healthy individuals as well as patients with 
repair of single-ventricle anatomy provides noninvasive, real-time 
assessment of perfusion trends associated with the response both 
during and after exhaustive exercise. Further application in individuals 
with various forms of physiology should provide additional insight to 
pathophysiologic mechanisms of exercise recovery in disease states. 
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